Immature soybean (Glycine max L.) embryos from commercially important cultivars were the targets of rapidly accelerated, DNA-coated, gold particles. Protoplasts were prepared from these tissues and propagated in culture under selection conditions for the introduced neomycin phosphotransferase II gene. Kanamycin-resistant of the cauliflower mosaic virus (CaMV) 35s promoter and the nopaline synthase (nos) polyadenylation region. The plasmid was derived from pCMC1021 (4) by substituting a 35s promoter fragment (nucleotide position 6654 to position 7436 of the published sequence [9] ) for the nos promoter. The promoter fragment had previously been modified by addition of synthetic XhoI and HindII linkers to the ends of the fragment upstream and downstream, respectively, of the cap site (10). A restriction map of pCMC1022 is shown in Figure IA . Plasmids were prepared from amplified cultures by the method of Ish-Horowicz and Burke (11), purified by isopycnic centrifugation in CsClethidium bromide gradients (6), and chromatographed on NACS-52 resin (BRL, Bethesda, MD).
Successful application of genetic engineering procedures to soybean has been limited by the inability to regenerate plants from transformed tissues. Successful use of nononcogenic Agrobacterium Ti vectors has not been reported, although oncogenic transformation of soybean by virulent Agrobacterium strains and the axenic culture of excised tumors on hormone-free media has been achieved (7, 15, 16, 22, 23) . Various assays and markers have been used to confirm transformation events, but caution should be exercised in drawing conclusions regarding putative transformation events (3) . We have recently described efficient transformation of soybean protoplasts by electroporation and the recovery of stably transformed calli and roots (4) . This technique, however, will not be useful in the recovery of genetically engineered soybean plants until regeneration from protoplasts is accomplished. Klein et al. (13) used DNA-coated tungsten microprojectiles to obtain transient expression of foreign DNA in intact epidermal cells ofAllium cepa (onion). However, these authors did not demonstrate stable transformation of the plant cells. Activity through transient expression does not necessarily indicate that stable transformants will be obtained. We have used a microparticle technique to deliver foreign DNA into intact soybean embryo cells and have recovered stable transformants using a protoplast selection regimen (4) . Enzyme assays and Southern blot hybridization confirm the integration of the foreign gene and its expression in the soybean genome. Results from these experiments indicate that particle acceleration can lead to stable transformation at rates comparable to electroporation. The properties of the transformants obtained by these two methods also appear similar.
MATERIALS AND METHODS
Vector Construction. Plasmid pCMC 1022 is a pBR322-derived vector that includes a NPT II' coding region under the control ' Abbreviation: NPT II, neomycin phosphotransferase II. of the cauliflower mosaic virus (CaMV) 35s promoter and the nopaline synthase (nos) polyadenylation region. The plasmid was derived from pCMC1021 (4) by substituting a 35s promoter fragment (nucleotide position 6654 to position 7436 of the published sequence [9] ) for the nos promoter. The promoter fragment had previously been modified by addition of synthetic XhoI and HindII linkers to the ends of the fragment upstream and downstream, respectively, of the cap site (10) . A restriction map of pCMC1022 is shown in Figure IA . Plasmids were prepared from amplified cultures by the method of Ish-Horowicz and Burke (11) , purified by isopycnic centrifugation in CsClethidium bromide gradients (6) , and chromatographed on NACS-52 resin (BRL, Bethesda, MD).
Preparation of DNA-Coated Particles. Seventy ,ug of pCMC 1022 (1 mg/ml in distilled water) was used to suspend 3.5 mg of I to 5 ,m gold spheres (Alfa Chemical Co). The suspension was then dried under a stream of nitrogen and resuspended in 100% ethanol to a final concentration of 2 mg beads/ml.
Particle Delivery. Of the gold bead/DNA suspension, 162 u1l was pipetted onto the surface of an 18 mm square of aluminized foil and allowed to settle undisturbed. The carrier sheet was then air-dried and placed on top of an electrical, arc-discharge gun. The gun was comprised of a short polyvinyl chloride pipe (13 mm i.d.) with electrodes mounted approximately 5 mm below the upper end. Power was provided by a 25 kV, 2 ,uF capacitor that was charged by a regulated, 24 kV DC power supply. The spark gap was bridged by a droplet ofwater before each discharge. The carrier sheet was supported on a 15 mm expansion spacer. A 100 mesh screen was suspended above the gun assembly to catch the carrier sheet, allowing the accelerated gold spheres to continue through the screen and into the target. The target was comprised of an array of embryos mounted on a 1 % water-agar Petri dish inverted over the retaining screen. The entire gun/ target assembly was evacuated to 500 mm of mercury before discharging the capacitor. A more detailed description ofthe arcdischarge gun will be published elsewhere.
Protoplast Isolation. Four-to eight-mm zygotic soybean (Glycine max L.) embryos were excised from greenhouse-grown plants (cultivars Williams 82, Mandarin Ottawa, and Hardin), were chopped and plasmolyzed directly after treatment with microparticles, and were incubated in the enzyme mixture described by Lu et al. (14) for 4 to 5 h at room temperature on a gyrotary shaker at 20 rpm. Protoplasts were released by sieving the digestion mixture through a 54 gm stainless steel screen and rinsing with 2 ml of a 9% mannitol/salt solution (8) . The filtrate was transferred to 15 ml conical tubes and was centrifuged at 1 35g for 8 min. The supernatant was discarded, and the protoplasts were washed twice in the same solution by resuspension and centrifugation. Aliquots of the protoplast suspension were diluted, stained with fluorescein diacetate and counted on a hemocytometer grid under UV illumination. The number of protoplasts containing one or more microparticles was also de-A.
B.
-rfsf oriIn tw- Pall, Irvine, CA) as described by Southern (20) .32P-Labeled RNA hybridization probes were synthesized in vitro using an SP6 transcription system (Promega Biotec, Madison, WI) and a-32P GTP (300 Ci/mmol, Amersham; 1 Ci = 37 GBq). The template for probe synthesis produces a runoff transcript corresponding to the minus strand of the coding sequence for NPT II. Reaction conditions recommended by the supplier, using 100,Ci of radiolabeled GTP, were used. Incorporation was typically 60 to 80%. Hybridization and washing conditions were as described by Church and Gilbert (5). Filters were analyzed by autoradiography using X-Omat AR5 film (Kodak) at -80°C with two intensifying screens (Cronex Lightning plus, Du Pont).
RESULTS
Five to seven immature embryos were arranged on a 60 mm plate containing 5 ml of1% water-agar and subjected to particle acceleration using an arc discharge gun as described in "Materials and Methods." Approximately 0.1 mg of particles per square centimeter of the carrier sheet was found to be a good median loading rate. This density of particle application resulted in good survival of the treated tissues, excellent protoplast recovery following digestion of the bombarded embryos, and uniform penetration of cells by the accelerated particles. Our experiments showed that acceleration and penetration of the cells by the particles could vary with the tissue being treated. The number of carrier particles and the arc discharge energy could be adjusted to obtain uniform coverage of the target tissues. Under the conditions described in "Materials and Methods," a significant percentage of the carrier particles arrive at the target with the correct velocity to penetrate the cells on the target surface without destroying an unacceptable proportion of them. Effective penetration was limited to a depth of 5 to 7 cell layers. This portion of the process afforded a population in which 0.1 to 5% of the cells contained at least one particle.
Treated embryos were chopped and plasmolyzed, and protoplasts were isolated as previously described (4). Protoplast yields were somewhat lower from treated tissues than from nontreated tissues, presumably due to a reduction in the number of viable cells in the original explant as a result of injury. Microscopic examination of the isolated protoplasts revealed that approximately 10' protoplasts contained one or more gold particles.
Following isolation, the protoplasts were plated as described elsewhere (4). Kanamycin selection was applied on low-meltingpoint agarose media 3 weeks following the original plating in Corning 75 cm2 flasks. Kanamycin-resistant colonies appeared 2 to 3 weeks following this plating and continued to appear for an additional 6 to 8 weeks (Fig. 2) . Calm were transferred to fresh media containing kanamycin when they weighed 30 mg. The majority of the transferred colonies proliferated rapidly. Tissues were amplified for further analyses on the same basal media supplemented with 100 mg/L kanamycin.
Enzyme assays demonstrated that all of the kanamycin-resistant colonies (about 100) exhibited NPT II activity (Fig. 3) . A comparison of lanes 2 to 7 shows relative differences in enzyme activity which likely reflects different levels of gene expression. NPT II activity in kanamycin-resistant calli: callus extracts were assayed for NPT II activity as described in "Materials and Methods." Autoradiographic exposure was for 2 h. Samples applied to each lane are as follows: lane 1, purified NPT II enzyme; lanes 2 to 6, kanamycinresistant soybean callus resulting from particle acceleration. Lane 7, transformed soybean callus derived from electroporation. Lane 8, nontransformed, protoplast-derived soybean callus.
DNAs prepared from kanamycin-resistant calli were analyzed by Southern blots (Fig. 1B) to determine the fate of the introduced DNA. The organization of NPT II sequences is complex, a result similar to that previously observed for transformants obtained from electroporation (4) and other transformation techniques employing naked DNA (19) . The results are consistent with random integration of the transforming DNA into the soybean genome. The number and pattern of hybridizing fragments varies dramatically from one callus to another. When digested with the restriction endonucleases AvaI and HindIll (Fig. lA) , the DNA from each callus can be shown to contain at least one copy of the intact NPT II coding region (data not shown). This result is consistent with the kanamycin-resistant phenotype and the presence of NPT II enzyme activity in these calli. When digested with HincII, as shown in Figure 1B , DNAs from several calli exhibit the expected fragment (e.g. lanes 1, 2, 4, 5, 7, 8, 10, and 11), but DNAs from calli Nos. B6 and B7 (lanes 6 and 9, respectively) produced only fragments larger than expected. This indicated that a recombination event had occurred within the expected HincII fragment. The latter fragments presumably include a break-point of the recombination with soybean DNA and must also include active genes since they are the only fragments containing NPT II sequences in these calli. In addition to the expected fragment, novel restriction fragments (i.e. fragments not predicted by the plasmid restriction map), are detected. These fragments presumably result from rearrangement and/or modification of the input DNA. Our results indicate it may be possible to use particle acceleration for the delivery of foreign DNA into competent or regenerable tissue with the subsequent recovery of plants via organogenesis or somatic embryogenesis. The selection procedure we employed probably produces clonal cell cultures which can be recovered despite transformation rates on the order of 10'-.
DISCUSSION
In contrast, plants derived from treatment of intact tissues are likely to be chimeras of both transformed and nontransformed cells, which will complicate the identification or selection of rare transformation events. Recovery of transformants among selfpollinated progeny of treated plants may be effective if transformation of the germ line can be achieved at practical rates.
